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ABSTRACT
Limited dispersal and cooperation are predicted to coevolve in cooperatively
breeding systems [24, 33, 49, 50]. In Polistes paper wasps, mark-recapture stud-
ies and genetic analyses have shown that both cooperative and solitary nesting
gynes can exhibit natal philopatry [4, 18, 23, 31, 38]. Male dispersal has not
been studied in Polistes, therefore the potential effects of sex-biased dispersal
on population structure are unknown. In this study I used whole genome re-
sequencing data from P. fuscatus wasps collected across the Eastern US to assess
demographic history and population structure within a well-studied coopera-
tively breeding system. In order to deduce the influence of sex-specific dispersal
patterns on overall population structure, I analyzed population structure using
nuclear as well as mitochondrial genomes. While low pairwise FST values in-
dicated overall depressed levels of genetic differentiation, I found a consistent
and significant pattern of spatial genetic clustering and isolation by distance in
both the nuclear and mitochondrial genomes, supporting the hypothesis that
limited female dispersal contributes towards population structure in P. fuscatus
wasps.
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0.1 Introduction
0.1.1 Cooperation and Dispersal
One of the key predictions arising from population-structured models of coop-
eration is that limited dispersal should facilitate the evolution of cooperative
behavior [20, 24, 33, 44, 49]. The link between cooperation and dispersal was
first proposed by Hamilton; under kin selection theory, limited dispersal should
promote cooperation by increasing relatedness between potential beneficiaries
within kin neighborhoods [20]. More recent models that take into account the
costs of competition in kin neighborhoods nonetheless predict the coevolution
of cooperation and dispersal [33, 44, 49].
Limited dispersal is favored in social systems when the benefits of cooper-
ation and reduced dispersal risk outweigh the costs of inbreeding, kin compe-
tition and missed opportunities for independent reproduction [49]. Theoret-
ical models predict the coevoution of cooperation and dispersal in a positive
feedback, in which cooperative social systems favor limited dispersal, and the
population viscosity resulting from limited dispersal makes cooperation more
advantageous [24, 33]. More general models predict the evolution of linkage
disequilibrium between cooperative traits and any traits that serve to enhance
population structure [50].
Primitively eusocial wasps have long been a model system for studies of
cooperative behavior. In the temperate zone, Polistes nests are initiated each
spring by either a single foundress or a small group of cooperating foundresses
[14, 17, 19, 30, 41, 43]. Individuals that attempt but fail to found nests indepen-
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dently often join associations later in the season [3, 37, 81]. Within cooperative
associations, reproductive shares follow a linear dominance heirarchy, in which
the dominant foundress lays the majority of eggs and often consumes those laid
by her subordinates [26, 51, 57, 68, 77]. Subordinate foundresses help to pro-
vision the offspring of the dominant, contributing disproportionately to risky
foraging efforts [12, 17].
Studies across cooperatively breeding taxa report philopatry [21, 53, 61, 63],
fine-scale genetic structure [8, 46, 54, 67] and isolation by distance [7, 69], how-
ever similar evidence for philopatry and genetic structure has also been found
in non-cooperative taxa [2, 47, 48, 64].
The relationship between cooperative breeding, dispersal and population
structure may be expected to differ between cooperatively breeding systems.
For example, in many cooperatively breeding species of birds, helpers are the
offspring of the recipient [22]. The mechanism for generating greater popula-
tion structure in these cases is delayed dispersal. Offspring that help on the nest
may choose to disperse eventually, but they stay on nest throughout more of
the breeding season to help rear their siblings [22]. In contrast, Polistes helpers
(subordinates) disperse prior to the nesting season. The question for Polistes
foundresses is therefore not whether or not to disperse, but how far to disperse.
Polistes gynes undergo two predicatbly-timed dispersal events. One occurs in
the fall to mate, the second in the spring to nest. Because there are two dis-
crete decision periods, the link between dispersal and population structure is
not as straight-forward as in taxa that make single, binary dispersal decisions.
For instance, even if Polistes gynes exhibit a high degree of philopatry during
the spring dispersal to nest, they may be dispersing longer distances to mate,
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thereby contributing to greater gene flow.
Mark-recapture studies and genetic analyses of foundress associations have
shown that cooperating wasps tend to be philopatric and preferentially join
former nestmates, with an average relatedness r > 0.6 [4, 18, 31]. In a study
of P. fuscatus nesting behavior, Klahn found that individuals within larger
foundress associations tended to be located closer to their natal nest sites, when
compared to their less cooperative counterparts [31]. In spite of the evidence for
natal philopatry in cooperative species, the relationship between cooperation
and population structure in Polistes wasps is contentious. Lengronne et al. found
similar degrees of fine-scale genetic structure in populations of P. canadensis and
P. dominula, which vary significantly in their rates and degrees of cooperative
founding [34]. Even species of Polistes that are exclusively solitary-founding
can show high degrees of female philopatry [23, 38]. Thus, the relationship
between cooperation and dispersal in Polistes is unknown and requires further
study.
0.1.2 Population Structure
Population genetic structure is shaped by selection, genetic drift and gene flow.
Localized directional selection and random genetic drift cause divergence be-
tween subpopulations, while stabilizing selection and migration between sub-
populations induce homogeneity.
Wright developed a method of inferring population structure based on the
hierarchical distribution of genetic variance within and between various de-
fined groups [79]. At the scale of a subpopulation, fine-scale genetic structure
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can be inferred from the value of the inbreeding coefficient, FIS, a measure of
the degree of genetic variance within individuals relative to their subpopula-
tion. FIS is used to infer the extent to which individuals within a subpopulation
assortatively mate with closer relatives, yielding higher than expected levels of
homozygosity in individuals relative to the subpopulation. The statistic FST,
and its haploid counterpart ΦST , provide a measure of diffferentiation between
subpopulations, or the genetic varaince between subpopulations relative to the
total variance.
Demographic fluctuations alter the rate and magnitude of genetic drift
and the genetic diversity available for selection, and therefore exert consid-
erable influence on resultant patterns of population structure. Local popu-
lation bottlenecks increase the influence of local genetic drift and lead to in-
creased divergence between subpopulations. Rapid population expansion leads
to greater homogeneity across subpopulations emitting from recent shared an-
cestors, yilelding lower genetic diversity and decreased selection potential. In
order to properly compare population structure across disparate populations
and species, one must take into account the effects of demographic history on
shaping local population structure.
Isolation by Distance
Sewall Wright coined the term ”isolation by distance” (IBD) to describe the pat-
tern of spatial genetic differentiation that emerges due to locally limited dis-
persal at drift-dispersal equilibrium [78]. Under IBD, local random genetic
drift isolates subpopulations along a gradient of geographic distance due to re-
stricted gene flow. Non-equilibrium models [25,66] have since expanded upon
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the earlier theoretical foundations of Wright and others [29, 39, 40]. All models
of IBD predict a correlation between genetic and geographic distances arising
from spatial limits to gene flow [59]. Empirical studies across several systems
have revealed correlations between genetic and geographic distance consistent
with model predictions [1, 76].
Rousset devised a method to quantify the extent of IBD in order to infer
dispersal rates [59]. By Rousset’s method, average dispersal rates are inferred
using the slope of the linear matrix regression of pairwise FST / (1 - FST) on
geographic distance, in the one-dimensional case, and the natural logarithm of
geographic distance, in the two-dimensional case. Rousset determined that the
one-dimensional regression is appropriate for analyzing data along elongated
transects, and yields the following predicted relationship between the mean
squared parent-offspring axial dispersal distance (σ2) and the regression slope
(b):
σ2 =
1
4piDeb
(1)
where De is the effective population density of breeders. Dispersal recon-
structions calculated using the above equation should be interpreted with cau-
tion, however, as they are based on a simple model which assumes constant
mutation rate, migration rate, and effective population density through time.
Sex-biased Dispersal
Due to the restriction of reproduction to specialized breeder castes, social in-
sects are especially vulnerable to the costs of limited dispersal wrought by in-
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breeding depression [5]. In haplodiploid Hymenoptera, inbreeding leads to the
production of infertile diploid males. Sex-biased dispersal can, however, miti-
gate these costs. In certain species of dependent colony founding social insects,
increased male dispersal compensates for limited female dispersal [10]. Under
haplodiploidy, male-biased dispersal can spur the evolution of reproductive al-
truism by increasing average relatedness of female helpers to their beneficiaries
[28].
Male-biased dispersal and female philopatry result in a genetic signature of
greater population viscosity in maternally-inherited mitochondrial genes than
in the nuclear genome [52]. Studies of mitochondrial and nuclear population
structure have revealed male-biased gene flow patterns in several species of
eusocial Hymenoptera [6, 13, 58, 60, 70].
In order to assess differential contribution toward gene flow by males and
females, workers compare the nuclear and mitochondrial genetic divergence
statistics FST and ΦST [9,73,74]. Under equal dispersal by both sexes, differences
in effective population size of the nuclear versus mitochondrial genome yield
the following expected relationship between ΦST and FST [9]:
ΦST =
4FST
1 + 3FST
(2)
Given observed FST values, the above equation can be used to calculate ex-
pected ΦST values under equal male and female dispersal. If observed ΦST val-
ues are higher than those expected, the nuclear and mitochondrial data lend
support towards a male-biased dispersal regime.
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Ref. Species favg Loc. rP (km) rSP (km) Month(s) Loci Ns Nn Ni FIS FST ΦST IBD
[11] P. exclamans 1.2 SE. US 5 0.25 Aug, Mar 6P, 1RS 5 84 315 0.19 0.77
[11] P. exclamans 1.2 SE. US 5 0.25 Mar 2P 5 49 188 0.52 0.47
[11] P. metricus 1.1 SE. US 5 0.25 Aug 6P, 1RS 5 22 82 0.22 -0.04
[11] P. bellicosus 1.6 SE. US 5 0.25 Aug, Mar 3P 5 60 206 0.25 -0.04
[11] P. bellicosus 1.6 SE. US 5 0.25 Mar 3P 5 38 116 0.21 -0.01
[11] P. carolina 2.1 SE. US 5 0.25 Aug 6P, 1RS 5 13 52 -0.12 0.03
[72] P. jadwigae 1.0 C. Japan 1 1 July-Aug 1P 1 67 941 0.04
[45] P. chinensis 1.3 C. Japan 7.5 7.5 June 3P 1 20 NR -0.17
[62] P. biglumis 1.0 S. France 2.5 2.5 June-July 6M 1 15 160 0.06
[62] P. biglumis 1.0 N. Italy 0.5 0.5 June-July 6M 1 9 205 0.13
[34] P. canadensis 9.3 Panama 0.3 0.3 July 7M 1 26 129 0.03 NS
[34] P. dominula 2.8 Spain 0.2 0.2 Mar 7M 1 26 129 0.04 S
[27] P. dominula 2.8 NE. US 224 NR Aug 12M 4 79 79 0.01 0.110 NS
[73] P. chinensis 1.3 Japan 500 0.1 June-Aug 10M, COI 10 403 403 0.145 0.27 S
[73] P. chinensis 1.3 NI, NZ 400 0.1 Dec-Feb 10M, COI 10 397 397 0.057 0.13 S
[74] P. olivaceus 2.1 BGD 150 NR Sep 7M, COI 14 208 208 0.006 0.003 0.22 NS
[32] P. nimpha 1.3 POL 0.5 0.5 June 8M 1 15 59 S
Table 1: Previous studies on population structure in Polistes wasps. Mean foundress number (favg) as reported in Miller
et al. [43], location (Loc.), radius of total study population in kilometers (rP), average radius of defined subpopulations
in kilometers (rSP), month(s) sampled, types and numbers of genetic loci used (P = protein-coding, RS = ribosomal DNA
restriction site, M = microsatellite, COI = mitochondrial gene), number of subpopulations (Ns), number of nests (Nn),
number of individuals (Ni), mitochondrial nucleotide diversity (pimt), inbreeding coefficient (FIS), fixation index (FST),
mitochondrial fixation index (ΦST ), and detection of IBD (NS = no signifcant IBD, S = significant IBD).
Genetic Structure in PolistesWasps
The extent of inbreeding found in Polistes populations studied to date has been
variable (Table 1). Davis et al. found inbreeding coefficients significantly higher
than zero in populations of P. exclamans, P. metricus and P. bellicosus [11]. In
contrast, studies of P. carolina, P. jadwigae, P. chinensis, P. biglumis, P. canadensis
and P. dominula did not detect any significant genetic signature of inbreeding
[11, 27, 34, 45, 62, 72]. Given that the value of the inbreeding coefficient FIS de-
pends on how authors define subpopulations, comparisons across studies must
take into account differences in the spatial scales employed. Assuming equal
degrees of population structure, larger defined subpopulation scales are ex-
pected to yield higher values of FIS, due to fine-scale structure nested within
the broadly defined subpopulations. Surprisingly, however, the studies report-
ing lower inbreeding coefficients defined subpopulations at scales ranging from
2 to 30 times larger than those defined in Davis et al. Variation in reported in-
breeding coefficients may therefore reflect true differences in assortative mating
and population structure between the studied species. However, given the re-
striction of positive FIS results to one study, further investigation is warranted
to build capacity for cross-species comparisons.
Mean pairwise genetic differentiation between subpopulations, as measured
by FST, was found to be significantly higher than zero in studied populations of
P. exclamans, P. dominula and P. chinensis. Excluding the high outlier values of FST
found in P. exclamans populations, the mean FST across studies was 0.04, indicat-
ing overall low levels of divergence. No population structure was detected in P.
metricus, P. bellicosus, P. carolina, or P. olivaceus across the areas studied. Under
isolation by distance, larger distances between studied subpopulations are pre-
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dicted to yield higher values of FST, therefore it is again important to consider
the scale of total study areas. Across studies of Polistes population structure
to date, there does not appear to be a relationship between reported values of
FST and the scale at which total populations were defined, again indicating that
reported variation in FST may reflect true differences in population viscosity
between studied populations and species.
Of the six studies that have investigated isolation by distance to date, half
have detected significant patterns of IBD (in P. dominula, P. chinensis and P. nim-
pha), while the others detected no significant IBD (in P. dominula, P. canaden-
sis,and P. olivaceus) [27, 32, 34, 73, 74]. The IBD findings for P. dominula differ
between the two studies reported, which also vary dramatically in scale. In
the small-scale study (rP = 0.2km), significant IBD was detected [34], whereas
in the large-scale study (rp = 240km), there was no significant IBD [27]. No-
tably, however, significant IBD patterns across all species were detected across
extremely disparate scales, ranging from a radius of 0.2 to 500 kilometers. The
ranges of FST values reported in studies that found significant versus no signif-
icant IBD are similarly low (0.003 < FST < 0.145), indicating that patterns of IBD
in Polistes can arise under low to moderate conditions of overall subpopulation
divergence.
Only one study of Polistes has attempted to reconstruct dispersal using pop-
ulation genetic data. Applying Rousset’s method (Equation 1) and using field-
based estimates of breeder population density (De), Tsuchida et al. inferred
mean axial parent-offspring dispersal distances of 33-60 meters for P. chinensis
populations in Japan and New Zealand (Table 2).
Few studies have investigated genetic signatures of sex-biased gene flow in
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Ref. Species Loc. b P De (nests/ km2) σ(m)
[73] P. chinensis Japan 0.029 < 0.01 2, 865 33
[73] P. chinensis NI, NZ 0.010 0.04 2, 317 60
Table 2: Applying Rousset’s method (Equation 1) and using field-based esti-
mates of breeder population density (De), Tsuchida et al. inferred mean axial
parent-offspring dispersal distances of 33-60 meters for P. chinensis populations
in Japan and New Zealand.
Polistes wasps. One study of population structure in P. olivaceus found average
pairwise FST values to be lower than effective-population-size-corrected ΦST es-
timated from mitochondrial haplotype sequences, supporting male-biased gene
flow [74]. However, applying the same analysis (using equation 2) to results
from Tsuchida et al. yields expected values of ΦST comparable with those ob-
served, suggesting equal dispersal of the sexes.
In the present study, I infer sex-specific dispersal patterns through exami-
nation of population structure in cooperatively breeding P. fuscatus wasps. Re-
constructed demographic history serves as a grounding from which to interpret
population genetic statistics and evidence for population structure in P. fuscatus
across the Eastern US.
0.2 Methods
0.2.1 Sampling and Sequencing
Female P. fuscatus individuals were collected both from nests and on the wing
in Northern and Central New York, Massachusetts, Maryland and North Car-
olina. DNA was extracted from a single leg for each individual using the Qiagen
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Puregene Core Kit A. DNA was sheared using Covaris S2 Adaptive Focused
Acoustic Disruptor (Covaris, Inc.). We prepared 550 bp insert libraries with the
Nextera library preparation kit. Library sizes were quantified prior to sequenc-
ing using a bioanalyzer. Libraries were sequenced on the Illumina HiSeq at
Novogene (Davis, CA). Average coverage of re-sequenced genomes was 9.6x.
Paired-end reads were first processed with Trimmomatic (v0.36) to remove
adaptors and poor-quality sequence. Trimmed reads for all species were
mapped to the P. fuscatus reference genome using the Burrows-Wheeler Aligner
(v0.7.13) [35]. SNPs were identified using Picard (v2.8.2) and GATK (v3.8) Hap-
lotypeCaller following the best practice recommendations [75]. After align-
ment, SNPs were hard filtered using the parameters: FS > 60 || SOR > 3.0 ||MQ
< 40.0.
To avoid confounding the effects of nestmate relatedness with patterns of
broad population structure, only one individual per nest was sequenced. We
further filtered sequenced individuals by removing one individual from each
pair with kinship coefficients (vcftools relatedness2) exceeding 0.1. The full set
of available filtered samples was then downsampled to yield an even distribu-
tion of samples across all sites and regions. A filtered and downsampled set of
63 P. fuscatus females was used for all population genetic and population struc-
ture analyses. Demographic analyses were conducted using the same down-
sampled set of 63 samples, with the exception of the Central New York region,
for which a larger available set of 170 samples was used.
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0.2.2 Demographic History
Demographic history was reconstructed using the open source software
SMC++, which takes as input unphased whole-genome sequencing data and
generates population size history up to one thousand years before present using
a sequential Markov coalescent model [71]. The SMC++ model was run with
unphased whole-genome sequences of five to eight P. fuscatus females from each
of the regionally-defined subpopulations across the Eastern US. A total of 170
Central NY samples were randomly resampled in groups of seven for twenty
model runs to generate a 95% CI for regional analyses. The downsampled conti-
nental set of 63 samples was randomly resampled in groups of 40 for five model
runs to generate a 95% CI for the complete data set. We assumed a generation
time of one year and a mutation rate of 6.8e-9 per diploid genome per genera-
tion, as found in Bombus terrestris [36] and Apis mellifera [80].
0.2.3 Population Genetics
Mitochondrial gene nucleotide diversity (pimt), mean whole-genome nucleotide
diversity (pi), and inbreeding coefficients (FIS) were calculated using vcftools
for the entire Eastern US population and each of the regionally-defined sub-
populations. Pairwise nuclear divergence (FST) and mitochondrial divergence
(ΦST ) between subpopulations were calculated using vcftools and ARLEQUIN,
respectively. All mitochondrial analyses were conducted using concatenated
mitochondrial sequences from the COI, COII, ATP6, ATP8, ND4, ND5, 12S, 16S
and CytB genes. Workers using a similar set of mitochondrial genes in Apis mel-
lifera showed that concatenated mitochondrial genes are as effective as whole
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mitochondrial genome sequences for detecting population structure [15].
0.2.4 Population Structure
Population clustering at continental, regional and site scales were visualized
using plink multidimensional scaling (MDS) plots. Structure at the continen-
tal scale was further analyzed using the software fastSTRUCTURE to visual-
ize clustering and determine the optimal number of demes, K, based on model
runs with K varying from 1 to 6 [55]. IBD was assessed for both the nuclear
genome and mitochondrial genes by linear regression of pairwise geographic
distance between regions versus pairwise linearized FST and ΦST , respectively.
The strength and significance of observed patterns of IBD were analyzed using
Mantel tests with the maximum potential 719 permutations.
0.3 Results
0.3.1 Demographic History
The SMC++ estimated population size histories for all regions across the Eastern
US show similar patterns of expansion and contraction (Figure 1). The broad
95% CI for Central NY reflects variation due to the small sample size of seven
samples per run.
Model outputs for all regions suggest a period of population expansion from
400,000 to 200,000 years before present, followed by a contraction from 200,000
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to 100,000 years ago. The 300,000 year time span of this initial expansion and
contraction encompasses three ice ages, visually identifiable as global temper-
ature minima. The demographic history in this time period does not seem to
correspond to periods of glacial expansion or retreat. A second, more gradual
period of population contraction coincides with the period leading up to and
following the Last Glacial Maximum in the Northeast US region from 21,750 to
13,000 years before present [42, 56, 65]. Population decline continued at a rela-
tively steady rate from 100,000 to 5,000 years before present, at which point the
effective population size was an estimated 175,000 individuals.
Between 5,000 and 1,000 years before present, certain regions’ populations
appear to have remained relatively stable or declined while others increased.
Results from the models run with all samples across the Eastern US point to-
wards a population increase from 175,000 to 240,000 individuals. Tellingly, the
Central NY model run with n=16 samples shows a population increase over
this time span, in contrast to the stability observed in models of the same region
with n=8. It therefore seems probable that the apparent population stability in
some regions is an artifact of the small sample sizes available, and that with
greater sample sizes we might observe the same pattern of recent expansion in
all regions.
Coalescence-based demographic models do not accurately reconstruct his-
tory more recent than one thousand years, therefore we cannot exclude the pos-
sibility of further population contraction or expansion from one thousand years
ago to the present [71].
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Figure 1: Demographic history reconstructed using SMC++ for each Eastern US
region and across all regions shown for the distant (A) and recent past (B). The
95% CI for Central NY effective population size across twenty model runs is
shown in shaded purple. The 95% CI across five model runs using 40-sample
subsets of the full sample set is shown in shaded dark gray. The light gray line
shows global temperature estimates based on earth system model simulation
data published by Friedrich et al., available through the NOAA Paleoclimatol-
ogy Database [16].
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0.3.2 Population Genetics
All studied regions had inbreeding coefficients FIS significantly greater than
zero, indicating a consistently high degree of inbreeding in P. fuscatus popu-
lations across the Eastern US. The average FIS across all regions was 0.46. Mi-
tochondrial and nuclear mean nucleotide diversity are reported for each region
(Table 3).
Location Latitude Longitude r (km) N pimt pi FIS
NC 36 -79 3.5 6 0.0077 0.0019 0.3972
MD 39 -77 67 7 0.0072 0.0011 0.5665
MA 42 -71 15 7 0.0038 0.0014 0.4332
C. NY 42 -77 20 8 0.0038 0.0014 0.5417
N. NY 43 -74 2.2 5 0.0070 0.0019 0.3064
All regions NA NA 750 33 0.0039 0.0016 0.5085
Table 3: Population genetic statistics for each study region and across all regions
in Eastern US, calculated using vcftools: r = radius of specified population in
kilometers; N = number of nests (= number of individuals); pimt = mitochondrial
gene nucleotide diversity; pi = mean whole-genome nucleotide diversity; FIS =
inbreeding coefficient.
0.3.3 Population Structure
MDS plots show clustering of genetically similar individuals at the scale of re-
gions across the Eastern US, sites within a region, and buildings within a site
(Figure 2). Clusters at the continental scale appear roughly oriented by latitude
along the C2 axis, while the C1 axis encodes variation within regions. At all
three scales, individuals sampled across multiple years clustered together ac-
cording to location.
The fastSTRUCTURE model that maximized marginal likelihood included
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K=2 demes (Figure 3). The model output for K=2 demes indicates near pan-
mictic levels of homogeneity, with only slight variation occuring in Central NY.
All model runs (K=1-6) yielded no more than two clusters present in the pop-
ulation at proportions significantly above zero. The two predominant clusters
were consistent across multiple model runs. Both clusters co-occur in all re-
gions apart from Northern NY, indicating that clustering reveals within-region
structure but no significant divergence between regions.
0.3.4 Isolation by Distance
Whole-genome and mitochondrial analyses revealed significant patterns of IBD
in P. fuscatus wasps across the Eastern US (Figure 4). Mantel tests showed signif-
icant correlation between linearized genetic and geographic distance for whole-
genome (y = 8.20 ∗ 10−4x − 0.086; R2 = 0.366, P = 0.036) and mitochondrial
(y = 1.14 ∗ 10−4x − 0.0041; R2 = 0.454, P = 0.018) analyses. The mean pairwise
divergence across all comparisons was FST = 0.0463, ΦST = 0.198.
0.4 Discussion
0.4.1 Demographic History
The reconstructed demographic history results suggests that P. fuscatus in the
Eastern US experienced a population expansion and subsequent decline over
the past 400,000 years. Given the lack of correspondence between the occurence
of global temperature minima and the pattern of demographic history, it does
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Figure 2: MDS plots of individual whole-genome sequences reveal population
genetic structure at a continental scale between regions (A-B), at a regional scale
between sites (C-D) and at a local scale between buildings within a site (E-F).
Locations: Eastern US (A-B); Central NY (C-D); Van Etten, NY (E-F).
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Figure 3: fastSTRUCTURE output for model runs with the number of demes
K=2-4. The model complexity that maximizes marginal likelihood is K=2. For
all models tested (K=2-6), no more than two clusters were represented in the
population at proportions significantly above zero.
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Figure 4: Linearized pairwise (A) whole-genome and (B) mitochondrial diver-
gence versus geographic distance between Eastern US regions. Mantel tests
showed significant correlation between geographic and genetic distance for
both whole-genome (y = 8.20 ∗ 10−4x − 0.086; R2 = 0.366, P = 0.036) and mi-
tochondrial (y = 1.14 ∗ 10−4x − 0.0041; R2 = 0.454, P = 0.018) analyses.
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not seem likely that population expansion and retraction resulted from glacial
advance and retreat.
The most recent reconstructed effective population size of roughly 200,000
individuals fits into the picture of a small effective breeding population with
high inbreeding and low overall divergence across the continent. However,
coalescence-based demographic reconstruction cannot be used to probe the
most recent demographic history. Modern deforestation, which has increased
the availability of Polistes wasps’ preferred open habitat, may have led to an
increase in effective population sizes over the past thousand years.
Demographic history is critical to interpreting population structure-based
inference of dispersal, which relies on the assumption of constant population
size on the timescales relevant to the drift-dispersal equilibrium. If the past
thousand years saw a continued period of relative population stability of the
previous hundred thousand, then population structure inference should yield
accurate estimates of dispersal. In order to appropriately account for the ef-
fects of the population bottleneck and subsequent expansion, models to infer
dispersal should be built around this background demographic history. Future
comparative work should aim to include these demographic terms, to allow
for more robust comparisons of dispersal-driven population structure between
populations and species of Polistes wasps.
0.4.2 Spatial Genetic Structure
The results of fastSTRUCTURE model runs indicate an overall low degree of
differentiation between regions, with nearly panmictic clustering observed for
21
the optimal model with K=2. Interestingly, in models with K>2, two consistent
clusters emerge but do not correspond to delineation between regions. One pos-
sible explanation for the clustering of samples into distinct groups independent
of region is introgression from a separate lineage. The co-ocurrence of the two
predominant clusters within multiple regions suggests the presence of fine-scale
structure within regions, in spite of overall low divergence between regions.
High inbreeding coefficients observed across studied regions lend further
support to the presence of fine-scale genetic structure at the level of sites within
regions. MDS clustering reveals spatial genetic structure at all scales analyzed,
ranging from the continental scale to the scale of hundreds of meters within
a site. Given the arbitrary nature of MDS axes, the significance of distances
between clusters cannot be interpreted. Rather, the MDS plots provide visual
evidence of a degree of spatial structuring at all scales. Clustering of females at
the level of buildings within a site supports a highly fine-tuned degree of na-
tal philopatry, consistent with previous mark-recapture findings [31]. Notably,
at the site scale, individuals sampled from separate nests across multiple years
cluster together on the same buildings, indicating year-to-year fidelity to natal
nest locations at the scale of buildings within a site. The consistency of spatial
clustering across sampled years indicates that genetic similarity between neigh-
boring individuals is not a transient pattern.
The reported population structure findings support the hypothesis that co-
operative breeding is linked to fine-scale population structure. However, the
methods employed in this study do not adequately test the alternative hypoth-
esis that fine-scale population structure is unrelated to the presence or degree
of cooperative breeding. Future analyses will probe evident fine-scale structure
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further to understand how cooperative nesting behavior relates to spatial ge-
netic structure. If cooperative nesters have a greater tendency towards philopa-
try, we expect to find a pattern of greater fine-scale genetic structure between
cooperatively nesting versus solitary nesting individuals. Similarly, if coopera-
tively breeding systems lead to a higher degree of natal philopatry, we expect
to find correlations between foundress rates and population structure in future
comparative studies between species of Polistes wasps that vary in their degree
of cooperative nesting.
Isolation by Distance
In spite of low overall FST values, we detected a significant pattern of IBD in
both nuclear and mitochondrial genomes. The low overall genetic divergence
between populations (mean pairwise FST = 0.046) may be due to a combination
of recent population expansion and stabilizing selection. Further investigation
of patterns of pairwise FST across the genome will address the extent to which
stabilizing selection may play a role in limiting divergence. If regions of the
genome are under selection to remain constant, we predict that these regions
will show consistently low divergence across multiple pairwise comparisons.
The IBD regression for whole-genome analysis allows for estimation of dis-
persal distances, following Rousset’s method [59]. We did not conduct system-
atic assays of nest density, however it is probable that P. fuscatus nesting density
is comparable to that of P. chinensis, as estimated by Tsuchida et al. using a field
searching algorithm. Applying Rousset’s method of dispersal inference (Equa-
tion 1), and using Tsuchida et al. estimated density De = 2500 nests/km2, yields
an estimated mean parent-offspring axial dispersal distance of σ = 530 meters.
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This absolute term should be interpreted with caution, however given similar
datasets it may be possible to make comparative inferences about variation in
dispersal patterns among populations and species of Polistes exhibiting varying
degrees of cooperative breeding behavior.
Sex-biased Dispersal
Applying equation 2, with mean pairwise nuclear differentiation FST = 0.0463,
yields an expected ΦST = 0.163, corresponding closely to the observed ΦST =
0.198. Given the match between the observed ΦST and the expected value under
equal dispersal of the sexes, the data does not support a model of sex-biased
dispersal. It does not appear based on our analyses that the observed pattern of
IBD is driven primarily by either sex.
While female nesting philopatry has been confirmed through mark-
recapture studies and is supported by the results of this study, male dispersal
has yet to be studied in the field. Further, the degree to which females and males
disperse to mate is unknown. The contribution towards population structure of
the two female dispersal decisions, one in the fall and the second in spring, re-
mains to be analyzed. Future work will assess the degree of relatedness between
males and females found mating in leks relative to the genetic background of
nearby nests.
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0.5 Conclusion
The results presented in this study provide genetic evidence of female philopa-
try that, when taken in context with local population attributes, could be quan-
tified across populations and species in order to test theoretical predictions on
the coevolution of cooperation and dispersal. In keeping with the predictions
of theoretical models, evidence from previous work on cooperatively breeding
taxa, and mark-recapture studies of Polistes wasps, we found that P. fuscatus fe-
male foundresses exhibit fine-tuned natal philopatry, frequently returning in the
spring to nest on the same building from which they emerged the previous fall.
In spite of low levels of overall genetic divergence, we found measurable pop-
ulation structure at the scale of buildings within sites, sites within regions, and
regions across the continent.
Based on the observed pattern of IBD across the Eastern US, we inferred
a mean axial parent-offspring dispersal distance of 530 meters, indicating that
while some individuals renest in close proximity to their natal nests, others dis-
perse on the scale of hundreds to thousands of meters. Future work will further
explore the relationship between this inferred variation in dispersal distances
and the variation in nesting strategies adopted between individuals. Addition-
ally, the overall low genetic divergence in spite of clear patterns of spatial ge-
netic structuring at multiple scales warrants further investigation. Future com-
parative methods should incorporate demographic history and control for or
take into account differences in the spatial scales of analyses.
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